Rationale Amount and type of food can alter dopamine systems and sensitivity to drugs acting on those systems. Objectives This study examined whether changes in body weight, food type, or both body weight and food type contribute to these effects. Methods Rats had free or restricted access (increasing, decreasing, or maintaining body weight) to standard (5.7% fat) or high-fat (34.3%) chow. Results In rats gaining weight with restricted or free access to high-fat chow, both limbs of the quinpirole yawning dose-response curve (0.0032-0.32 mg/kg) shifted leftward compared with rats eating standard chow. Restricting access to standard or high-fat chow (maintaining or decreasing body weight) decreased or eliminated quinpirole-induced yawning; within 1 week of resuming free feeding, sensitivity to quinpirole was restored, although the descending limb of the dose-response curve was shifted leftward in rats eating high-fat chow. These are not likely pharmacokinetic differences because quinpirole-induced hypothermia was not different among groups. PG01037 and L-741,626 antagonized the ascending and descending limbs of the quinpirole dose-response curve in rats eating high-fat chow, indicating D3 and D2 receptor mediation, respectively. Rats eating high-fat chow also developed insulin resistance. Conclusions These results show that amount and type of chow alter sensitivity to a direct-acting dopamine-receptor agonist with the impact of each factor depending on whether body weight increases, decreases, or is maintained. These data demonstrate that feeding conditions, perhaps related to insulin and insulin sensitivity, profoundly impact the actions of drugs acting on dopamine systems.
this topic for substance abuse and other psychiatric disorders is underscored by the following: (1) there is a worldwide obesity epidemic, and obesity is correlated with altered responsiveness to drugs (Khan et al. 2007 ); (2) diabetes is increasing worldwide, and insulin is known to regulate neurochemical systems that mediate effects of therapeutic and abused drugs (Sevak et al. 2007 ); (3) efforts to reduce obesity include dieting (restricting food intake) which can decrease responsiveness to drugs ); (4) some (pathological) conditions of food restriction render patients insensitive to some therapeutic drugs (Kaye et al. 1998) ; and (5) diet-induced changes in some neurochemical systems (e.g., dopamine) can persist for a very long time and could predispose individuals to altered responsiveness to drugs for an extended period (Bailer et al. 2005; Naef et al. 2008) .
Five subtypes of dopamine receptors are classified as D1-or D2-like and many drugs act at one or more of these receptors. For example, some drugs of abuse inhibit reuptake or promote release of dopamine, acting as indirect dopamine-receptor agonists. Other drugs act directly as agonists or antagonists at dopamine receptors. D3 and D2 receptors are the targets for drugs used to treat schizophrenia and Parkinson's disease (Abi-Dargham and Laruelle 2005; Foley et al. 2004; Uitti and Ahlskog 1996) , and these receptors are thought to mediate many effects of indirect-acting dopamine-receptor agonists (Acri et al. 1995; Caine and Koob 1993; Sinnott et al. 1999; Spealman 1996) .
Many factors influence the effects of drugs acting at dopamine receptors, including drug history Nader and Mach 1996) , age (Kostrzewa et al. 1992) , and feeding condition (Baladi and France 2009; Sevak et al. 2008) . Dopamine systems are activated by drugs and by food (Di Chiara and Imperato 1988; Hernandez and Hoebel 1988; Wise and Rompre 1989) , and both the amount and type of food can alter the behavioral effects of drugs acting on dopamine systems. For example, food restriction or eating high-fat chow alters sensitivity of rats to yawning produced by direct-acting dopamine-receptor agonists (Baladi and France 2009; Collins et al. 2008; Sevak et al. 2008) . In previous studies that examined food restriction and direct-acting dopaminereceptor agonists, body weight was either maintained (e.g., 85% of free-feeding weight; Collins et al. 2008) or progressively decreased (e.g., 10 g/day; Baladi and France 2009) . In previous studies examining high-fat chow and dopamine-receptor agonists, body weight of subjects eating high-fat chow increased more than body weight of subjects eating standard chow (Baladi and France 2009) . Thus, it is unclear whether changes in body weight, chow type, or both factors impact sensitivity to drugs acting on dopamine systems.
The role of different receptors in mediating drug effects might vary according to feeding conditions. For example, discriminative stimulus effects of quinpirole appear to be mediated by D3 receptors in free-feeding rats and by D2 receptors in food-restricted rats . In rats eating standard chow, D3 and D2 receptors mediate the ascending and descending limbs, respectively, of the agonist-induced yawning dose-response curve Collins et al. 2005 ) and food restriction eliminates yawning by increasing sensitivity at D2 receptors (i.e., quinpirole-induced yawning is restored in the presence of a D2 receptor-selective antagonist (Collins et al. 2008) ). It is not clear whether increased sensitivity to agonist-induced yawning in rats eating high-fat chow reflects increased sensitivity at D3 and/or D2 receptors. Importantly, dopamine agonist-induced yawning and hypothermia are mediated by dopamine-receptor subtypes (i.e., D3 and D2) that are known to be involved in the therapeutic and abuse-related effects of drugs acting on dopamine systems. This study examined the impact of body weight and chow type on quinpirole-induced yawning and hypothermia. Rats ate standard or high-fat chow such that body weight increased (Experiment 1), decreased (Experiment 2), or was maintained (Experiment 3). Experiment 4 tested whether D3 and D2 receptors mediate the ascending and descending limbs of the quinpirole dose-response curve, respectively, in rats eating high-fat chow. Experiment 5 compared insulin sensitivity in rats eating standard or high-fat chow.
Materials and methods

Subjects
Eighty-two male Sprague-Dawley rats (Harlan, Indianapolis, IN), weighing 250-300 g upon arrival, were housed individually in an environmentally controlled room (24±1°C, 50± 10% relative humidity) under a 12/12 h light/dark cycle (light period 0700-1900 hours) with free access to water. Fifty-six rats (seven groups of eight rats each; Experiments 1, 2, and 3) were used to examine the impact of body weight and chow type on sensitivity to quinpirole (Table 1) . Eighteen rats (three groups of six rats each; Experiment 4) were used to study antagonism of quinpirole-induced yawning in rats eating high-fat chow (Table 1) . Eight rats (two groups of four rats each; Experiment 5) were used to examine the effect of eating high-fat chow on insulin tolerance. Animals were maintained, and experiments were conducted in accordance with the Institutional Animal Care and Use Committee, the University of Texas Health Science Center at San Antonio, and with the 1996 Guide for Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources on Life Sciences, the National Research Council, and the National Academy of Sciences).
Feeding conditions
Seven groups (n=8/group) of rats had either free or restricted access (adjusted daily to increase, decrease, or maintain body weight, depending on the experiment; see Table 1 ) to standard or high-fat chow (body weights were matched for separate groups of rats eating different chows). Animals maintained under restricted feeding conditions were fed daily at 1700 hours. Feeding conditions were such that in Experiment 1 body weight increased in all three groups (Groups 1, 2, and 3), in Experiment 2 body weight decreased in both groups (Groups 4 and 5), and in Experiment 3 body weight was maintained in both groups (Groups 6 and 7). Behavioral tests occurred during an 8-week period when rats first were maintained for 5 weeks (35 days) on one of the feeding conditions shown in Table 1 followed by 3 weeks (21 days) of free access to the same chow (standard or high fat) ate during the first 5 weeks of the study (Table 1) . Three groups of rats (n=6/group) had free access to high-fat chow and were tested with quinpirole once per week for 3 weeks (Groups 8, 9, and 10; Experiment 4); different groups of rats received saline or a dopamine-receptor antagonist prior to the last quinpirole test. Two additional groups of rats (n=4/group) had free access to standard or high-fat chow for 4 weeks (Groups 11 and 12; Experiment 5); insulin tolerance tests were conducted once per week for 4 weeks.
The nutritional content of the standard chow (Harlan Teklad 7912) was 5.7% fat and 19.9% protein (by weight) with a calculated gross energy content of 4.1 kcal/g. The high-fat chow (Harlan Teklad 06414) contained 34.3% fat and 23.5% protein (by weight), with a calculated energy content of 5.1 kcal/g.
Yawning
Yawning was defined as an opening and closing of the mouth such that the lower incisors were completely visible (Baladi and France 2009; Sevak et al. 2008) . On the day of testing, rats were transferred from a clear plastic home cage to a test cage (the cages were identical; however, there was no food, water, or bedding present during testing) and allowed to habituate for 15 min. All experiments began with assessment of yawning after injection of vehicle. Initially in Experiments 1, 2, and 3, and while all rats had free access to standard laboratory chow, dose-response curves were generated for cumulative doses of quinpirole (0.0032, 0.01, 0.032, 0.1, 0.32 mg/kg i.p.) administered every 30 min. Beginning 20 min after each injection, the total number of yawns observed for 10 min was recorded. Rats were then randomly assigned to a feeding condition (n=8/group; Groups 1-7) and cumulative doseresponse curves for quinpirole-induced yawning were generated once per week for the next 8 weeks: 5 weeks (tests on days 7, 14, 21, 28, and 35) when the type and the amount of food varied across groups, and 3 weeks (tests on days 42, 49, and 56) when all rats had free access to one type of chow.
The ascending and descending limbs of the quinpirole yawning dose-response curve in rats eating standard chow are mediated by D3 and D2 receptors, respectively (e.g., ; it is unclear whether the same receptors mediate the ascending and descending limbs of the quinpirole dose-response curve that is shifted leftward in rats eating high-fat chow. Three separate group of rats Free-feeding high fat Collins et al. 2005) . Antagonists were administered 30 min before administration of the first dose of quinpirole.
Body temperature
Rectal body temperature was measured in a temperaturecontrolled room (24±1°C and 50±10% relative humidity) by inserting a lubricated thermal probe attached to a thermometer 3 cm into the rectum. Animals were adapted to the procedure by measuring body temperature on multiple occasions before assignment to feeding condition. During yawning experiments, body temperature was measured after completion of each 10 min observation period and prior to the next injection.
Insulin tolerance
Insulin tolerance tests were performed once per week for 4 weeks (the same day and time [1600 hours]) in eight rats: four rats had free access to standard chow and four had free access to high-fat chow throughout the 4-week period. A small sample of blood was collected from the tip of the tail then expressed on a blood-glucose test trip. Glucose values were measured with a commercially available glucose meter (Accu-Chek Aviva; CVS). On each test occasion, glucose was measured prior to as well as 15, 30, 45, and 75 min after an i.p. injection of 0.75 U/kg insulin.
Data analyses
Results are expressed as the average (± SEM) number of yawns during a 10-min observation period or average change in body temperature and plotted as a function of dose. Data are also presented as body weight in grams and plotted as a function of day. For each group, differences between quinpirole dose-response curves for yawning (both the ascending and descending limbs) and hypothermia were analyzed by simultaneously fitting straight lines to the linear portion of the dose-response curves by means of GraphPad Prism (GraphPad Software Inc., San Diego, CA). The linear portion included doses that spanned the 50% level of effect and included not more than one dose with greater than 75% effect and not more than one dose with less than 25% effect. Differences between the slopes and intercepts of the curves were analyzed with the F ratio test (GraphPad Prism), as detailed elsewhere (Koek et al. 2006) . The common slope values calculated by GraphPad Prism were used to constrain the fit of the parallel line assay. When slopes and intercepts of the yawning doseresponse curves could not be analyzed, two-way, repeatedmeasures ANOVA with dose and feeding condition as factors was used to determine whether yawning in rats with restricted access to standard or high-fat chow was significantly different from yawning in rats with free access to standard chow; post hoc multiple comparisons were made with the Bonferroni test (GraphPad Prism). ED 50 values were calculated for individual rats using linear regression. To calculate ED 50 values for quinpirole-induced hypothermia, a maximum effect was selected for individual rats. The 95% confidence limits (CL) were calculated from ED 50 values averaged among rats within a group. For the antagonism study, differences between quinpirole dose-response curves in the presence and absence of antagonist were analyzed by line analysis methods described above. Pilot studies (data not shown) indicated that maximal changes in blood glucose occurred approximately 45 min after i.p. administration of 0.75 U/kg insulin. Changes in glucose values after administration of insulin were used to quantify insulin sensitivity since the rate of recovery from insulin-induced hypoglycemia is thought to reflect hepatic glycogenolysis and not insulin sensitivity per se (Durham and Truett 2006) . Data are expressed as the average (±SEM) change in glucose (milligrams per deciliter) from baseline (pre-insulin injection) levels as a function of week. A two-way ANOVA was used to assess whether glucose values before insulin injection were different from glucose values 45 min after insulin injection for rats with free access to standard chow (Group 11) and for rats with free access to high-fat chow (Group 12).
Drugs
Quinpirole dihydrochloride and L-741,626 were purchased from Sigma-Aldrich (St. Louis, MO). PG01037 (N-{4-[4-(2,3-dichlorophenyl)-piperazin-1-yl]-trans-but-2-enyl}-4-pyridine-2-yl benzamide HCl) was synthesized by Jianjing Cao (Medicinal Chemistry Section, National Institute on Drug Abuse, Baltimore, MD) using methods reported previously . The vehicle for quinpirole dihydrochloride was sterile 0.9% saline. L-741,626 was dissolved in sterile 0.9% saline and 5% ethanol with 1 M HCl. PG01037 was dissolved in sterile 0.9% saline and 10% β-cyclodextrin. L-741,626 and PG01037 were administered s.c., typically in a volume of 1 ml/kg; quinpirole was administered i.p. in a volume of 1 ml/kg. Insulin (protamine zinc recombinant human insulin; Boehringer Ingelheim Vetmedica, Inc., St. Joseph, MO) was dissolved in sterile 0.9% saline and injected i.p.
Results
Experiment 1 (groups 1, 2, and 3): yawning; weight gain After 35 days of free access to standard (Group 1) or high-fat (Group 2) chow, body weight increased an average of 80 ± 3 and 106 ± 7 g (mean ± SEM), respectively (Fig. 1a, closed and open circles). Rats with restricted access to high-fat chow for 35 days (Group 3; body weight matched to rats with free access to standard chow) gained an average of 79±5 g (Fig. 1a , open triangles). During the last 21 days of the study when all three groups of rats had free access to food, rats that continued eating standard chow (Group 1) gained an additional 28±2 g, rats that continued eating high-fat chow (Group 2) gained 35±3 g, and rats that previously had restricted access but then free access to high-fat chow (Group 3) gained 40±4 g (Fig. 1a, closed circles, open circles, and closed triangles, respectively).
Small doses of quinpirole increased and larger doses decreased yawning in all three groups of rats, resulting in an inverted U-shaped dose-response curve (Fig. 1b) . Repeated testing in rats with free access to standard chow yielded similar results over eight once weekly quinpirole dose-response determinations (compare closed circles, Fig. 1b-e) . There was no significant change in sensitivity to quinpirole after just 7 days under these eating conditions (data not shown). After 14 days of free (Group 2) or restricted (Group 3) access to high-fat chow, the ascending limb of the quinpirole dose-response curve was shifted up and to the left, compared to rats with free access to standard Fig. 1 Body weight (a) and quinpirole-induced yawning (b-e) in three groups of rats over the 56-day (8-week) study: Group 1 free-feeding standard chow throughout the study; Group 2 free-feeding high-fat chow throughout the study; Group 3 restricted high-fat chow (body weight matched to group 1) followed by free-feeding high-fat chow (the vertical dashed line separates the two phases [feed conditions] of the study). Each symbol represents the mean (± SEM) of eight rats. Abscissa: day of study (a) or dose in milligrams per kilogram of body weight; V vehicle (b-e). Ordinates: mean (±SEM) body weight in grams (a) and mean (±SEM) number of yawns in 10 min (b-e) chow (compare open and closed symbols, Fig. 1b) . The linear portion corresponding to the ascending limb of the dose-response curves in rats with access to a high-fat or standard chow could be fitted with a common slope but different x-intercepts, indicating that eating high-fat chow shifted the curve significantly to the left. After 21 days of free access (data not shown) or after 28 days of restricted access to high-fat chow (Fig. 1c) , the descending limb of the quinpirole dose-response curve was also shifted leftward, compared to rats with free access to standard chow. In addition, the linear portion corresponding to the descending limb of the doseresponse curves in rats with access to a high-fat or standard chow could be fitted with a common slope but different x-intercepts, indicating that eating high-fat chow shifted the curve significantly to the left. The quinpirole dose-response curve (both limbs) remained shifted leftward, both in rats that continued eating high-fat chow (Group 2) and in rats (Group 3) that previously had 35 days of restricted access to high-fat chow followed by 21 days of free access to high-fat chow (i.e., Days 42 and 56, Fig. 1d and e, respectively).
Experiment 2 (groups 4 and 5): yawning; weight loss After 14 days of restricted access to either standard (Group 4; 10 g/day) or high-fat (Group 5; food adjusted daily to match body weight of Group 4) chow, the body weight of rats decreased an average of 62±3 and 58±3 g, respectively (open symbols, Fig. 2a ). For the next 21 days (Days 15-35), feeding was adjusted daily so that body weights were maintained (264-266 g in rats eating standard chow and 260-265 in rats eating high-fat chow). Subsequently, rats were given free access to their respective chows (i.e., the last 21 days of the study) and rats that previously had restricted access to standard chow (Group 4) gained an average of 109±5 g while rats that previously had restricted access to high-fat chow (Group 5) gained 135±7 g (closed symbols, Fig. 2a) .
Restricted access to standard chow (Group 4) or high-fat chow (Group 5) decreased quinpirole-induced yawning, compared to rats that had free access to standard chow throughout the study (Figs. 2b and c) . After 7 days of restricted access to food, quinpirole-induced yawning was decreased in both groups but was decreased further in rats Fig. 2 Body weight (a) and quinpirole-induced yawning (b-e) in two groups of rats over the 56-day (8-week) study: Group 4 restricted access to standard chow (10 g/day) followed by free-feeding standard chow; Group 5 restricted access to high-fat chow (weight matched to group 4) followed by free-feeding high-fat chow. Data shown by shaded circles and dashed lines in (b-e) are the effects of quinpirole in rats with free access to standard chow throughout the study (Group 1, Fig. 1 ). See Fig. 1 for other details eating standard chow as compared to rats eating high-fat chow (Fig. 2b) , despite similar body weight reductions in these two groups of rats (Fig. 2a) . After 14 days of food restriction (and continued body weight loss), quinpirole failed to produce any yawning in any rat in Groups 4 and 5 (Fig. 2c) ; with continued food restriction and maintenance of the reduced body weight, there was no yawning observed after administration of quinpirole (up to a dose of 0.32 mg/kg) on days 21, 28, and 35 (data not shown). Within 7 days of rats in Groups 4 and 5 having free access to the same chow they had eaten (i.e., under restricted conditions) earlier in the study (i.e., Day 42), quinpiroleinduced yawning reemerged and in Group 5 was similar, but not identical, to what was observed in rats free-feeding on a standard chow (Fig. 2d) . Whereas a dose of 0.1 mg/kg of quinpirole produced yawning in rats that had free access to standard chow throughout the study (Group 1) and in rats that had restricted followed by free access to standard chow (Group 4), this dose produced very little yawning in rats that had restricted followed by free access to high-fat chow (Group 5), similar to what was observed in rats eating highfat chow in Experiment 1 (i.e., Groups 2 and 3, Fig. 1e ).
The linear portion corresponding to the descending limb of the dose-response curves in rats with access to a highfat (Group 5) or standard chow (Group 1) could be fitted with a common slope but different x-intercepts and decreased effectiveness of this dose of quinpirole in rats eating high-fat chow was still evident at the end of the study (Day 56; Fig. 2e ).
Experiment 3 (groups 6 and 7): yawning; weight maintained For 35 days, access to standard (Group 6) or high-fat (Group 7) chow was adjusted daily so that body weight was maintained (on average, not more than 2 g change in body weight; Fig. 3a) . When given free access to their respective chows (i.e., the last 21 days of the study), rats that previously had restricted access to standard chow gained an average of 68±4 g and rats that previously had restricted access to high-fat chow gained an average of 97±3 g (closed symbols, Fig. 3a) .
After 14 days of restricted access (with body weight maintained) to standard chow (Group 6), the descending Fig. 3 Body weight (a) and quinpirole-induced yawning (b-e) in two groups of rats over the 56-day (8-week) study: Group 6 restricted access to standard chow (weight maintained) followed by free-feeding standard chow; Group 7 restricted access to high-fat chow (weight maintained) followed by free-feeding high-fat chow. Data shown by shaded circles and dashed lines in (b-e) are the effects of quinpirole in rats with free access to standard chow throughout the study (Group 1, Fig. 1 ). See Fig. 1 for other details limb of the quinpirole dose-response curve shifted leftward, as compared to rats with free access to standard chow throughout the study (compare closed circles to open diamonds, Fig. 3b ). That is, line analysis of the descending limb of the dose-response curves (Groups 1 and 6) could be fitted with a common slope but different x-intercepts. After 14 days of restricted access (with body weight maintained) to high-fat chow (Group 7), the ascending and descending limbs of the quinpirole dose-response curve shifted left (compare closed circles to open inverted triangles, Fig. 3b ). Line analysis of the ascending and descending limbs of the dose-response curves (Groups 1 and 7) could be fitted with a common slope but different x-intercepts. Continued food restriction while maintaining body weight (standard or high-fat chow) further decreased quinpirole-induced yawning in both groups of rats (i.e., Fig. 3c ). When rats that previously had restricted access to standard (Group 6) or high-fat (Group 7) chow were given free access to the same chow type, sensitivity to quinpiroleinduced yawning recovered rapidly (i.e., within 7 days; Day 42, Fig. 3d ) and was not different from rats that were free-feeding on standard chow throughout the study (Fig. 3d) . Continued free access to standard chow (Group 6) did not further change sensitivity to quinpirole-induced yawning; however, continued free access to high-fat chow (Group 7) shifted the ascending and descending limbs of the quinpirole dose-response curve to the left (compare circles and inverted triangles, Fig. 3e ) as indicated by common slopes but different x-intercepts. Experiments 1, 2, and 3: quinpirole-induced hypothermia Quinpirole dose-dependently decreased body temperature in all tests in all rats in Groups 1-7 (Fig. 4) . For all tests, there was no significant difference in the potency of quinpirole to decrease body temperature between rats with free access to standard chow throughout the study (Group 1) and all other (2-7) groups (i.e., ED 50 values and 95% CLs were not significantly different).
Experiment 4 (groups 8, 9, and 10): weight gain (antagonism of quinpirole-induced yawning)
The average body weight of rats in Groups 8, 9, and 10 was not different at the beginning of this experiment: 330±3, 328±4, and 332±3 g, respectively. After 21 days of free access to high-fat chow, body weight increased an average of 62±6, 62±4, and 63±7 g in Groups 8, 9, and 10, respectively (data not shown). In rats with free access to high-fat chow, small doses of quinpirole increased, while larger doses decreased, yawning, resulting in an inverted U-shaped dose-response curve. In these 18 rats eating highfat chow, the quinpirole dose-response curve shifted progressively leftward over repeated weekly tests (data not shown), compared with rats eating standard chow, in a manner similar to what was observed in other rats eating high-fat chow (i.e., Group 2). For example, the quinpirole dose-response curve determined after rats had eaten highfat chow for 3 weeks (Group 8) was similar to the doseresponse curve determined for other rats eating high-fat chow (Group 2) and was shifted leftward of the quinpirole dose-response curve determined in rats eating standard chow (Group 1; compare open circles in Fig. 5 to open and The average body weight of rats in Groups 11 and 12 was not different at the beginning of this experiment: 315±4 and 314±3 g, respectively. After 4 weeks of free access to either standard (Group 11) or high-fat (Group 12) chow, body weight increased an average of 68±8 and 91±7 g, respectively. Basal glucose values were not significantly different across weeks for groups of rats eating the same chow or between groups of rats eating different chows (data not shown). For example, average (±SEM) basal glucose values after 1 week of free access to either standard or high-fat chow were 99±7 and 105±3 mg/dL, respectively, and after 4 weeks were 103±4 and 103± 3 mg/dL, respectively.
Blood glucose concentration was significantly decreased 45 min after the administration of insulin in rats eating standard chow (Group 11, open bars; Fig. 6 ). In once weekly tests, insulin continued to significantly decrease glucose in rats eating standard chow. Similarly, blood glucose was significantly decreased in rats that had free access to high-fat chow for 1 week (Group 12, closed bars; Fig. 6) ; however, when rats had eaten high-fat chow for two or more weeks, insulin failed to significantly alter blood glucose. Thus, rats were resistant to insulin-induced hypoglycemia after 2 weeks of eating high-fat chow.
Discussion
Dopamine systems are altered in various diseases, and they are the target of many drugs that are used clinically as well as drugs of abuse. Dopamine systems also mediate, at least in part, the reinforcing effects of many drugs and of food (Di Chiara and Imperato 1988; Wise and Rompre 1989) . Moreover, it is clear that feeding conditions impact the activity of dopamine systems in brain as well as the effects of drugs acting on those systems. Because feeding conditions (i.e., amount and type of food) can vary markedly within and among individuals, it is possible that variations in food intake and nutritional status contribute to the development of psychopathologies (e.g., vulnerability to drug abuse) and impact the response of individuals to drugs. This study examined the impact of how much rats eat (increasing, decreasing, or maintaining body weight) and the type of chow they eat (standard or high fat) on the behavioral effects of the direct-acting dopamine-receptor agonist quinpirole. While the type of chow appeared to be the predominant factor in determining quinpirole effects under some conditions, under other conditions, body weight appeared to be the predominant factor. For example, because different effects were obtained in rats of similar body weight and eating different types of chow (Groups 1 and 3), the type of chow appeared to be the important factor in determining response to quinpirole in Experiment 1 (weight gain). That is, rats with either free or restricted access to high-fat chow were more sensitive to quinpirole (i.e., both the ascending [D3] and the descending [D2] limbs of the quinpirole dose-response curve shifted leftward) compared to rats with free access to standard chow. Thus, eating fat and not being fat (as compared with free-feeding standard chow controls) appeared to confer increased sensitivity to quinpirole in these rats. Furthermore, the ascending and descending limbs of the doseresponse curve were shifted (back) to the right by antagonists with selectively for D3 or D2 receptors, respectively, demonstrating that these effects of quinpirole in rats eating high-fat chow are mediated by the same receptors that mediate these effects in rats eating standard chow. On the other hand, the same effect (reduction or elimination of quinpirole-induced yawning) was eventually observed in rats of similar body weight and eating different types of chow (Groups 4 and 5 and Groups 6 and 7), suggesting that body weight was the predominant factor determining response to quinpirole in Experiments 2 (weight decrease) and 3 (weight maintenance).
It is well established that restricting access to food significantly alters brain neurochemistry and the behavioral effects of drugs (e.g., Sevak et al. 2008) . It is also clear that allowing animals to eat certain foods (e.g., high fat) can affect brain neurochemistry and the behavioral effects of drugs France 2009, 2010; Rada et al. 2010) . In this study, quinpirole-induced yawning varied significantly across eating conditions and across different periods of time. For example, after 21 (free-feeding) or 28 (restricted) days of eating high-fat chow while gaining body weight (Experiment 1), the descending limb of the quinpirole dose-response curve was shifted leftward, reflecting increased sensitivity at dopamine D2 receptors. In contrast, the descending limb of the quinpirole dose-response curve was shifted leftward after just 7 or 14 days in rats eating high-fat chow and losing (Experiment 2) or maintaining (Experiment 3) body weight, respectively. Thus, although qualitatively similar effects were observed across conditions (shift left in the descending limb of the dose-response curve), those effects occurred at different times among groups. Moreover, increased sensitivity to quinpirole-induced yawning was correlated with the emergence of insensitivity to insulin-induced hypoglycemia (Experiment 5). Upon resumption or continuation of free-feeding, the descending limb of the quinpirole dose-response curve remained shifted leftward in all rats eating high-fat chow. In contrast, when rats that previously had restricted access to standard chow were allowed free access to standard chow, their sensitivity to quinpirole returned and was not different from rats that had only free access to standard chow throughout the study (compare Group 1 to Groups 4 and 6, Panel E, Figs. 2 and 3) , indicating the reversibility of food restriction (standard chow)-induced changes in sensitivity to quinpirole.
In rats eating high-fat chow and gaining weight, the shift leftward in the ascending limb of the dose-response curve was evident after 14 days and persisted until the end of the study. A similar shift leftward in the ascending limb (D3) of the dose-response curve was evident after 14 days in rats eating high-fat chow and maintaining body weight, although that shift was no longer evident 7 days later, presumably because of an even greater increase in sensitivity at D2 receptors that masked any expression of yawning. In the same rats (i.e., eating high-fat chow with body weight maintained, Group 7), normal sensitivity to quinpirole was apparent after just 7 days of free access to high-fat chow (Day 42, panel D, Fig. 3 ). With continued free access to high-fat chow and with further body weight gain, the ascending limb of the quinpirole dose-response curve shifted leftward and was not different from what was observed in rats that had free access to high-fat chow throughout the study (compare Groups 2 and 7). In rats losing weight, eating high-fat chow also appeared to delay, but not prevent, the elimination of quinpirole-induced yawning, perhaps reflecting increased sensitivity at D3 receptors that eventually was overcome by a greater increase at D2 receptors. Collectively, two major trends are apparent from these data: (1) eating high-fat food increases sensitivity to D3 (leftward shift in the ascending limb) and D2 (leftward shift in the descending limb) receptor-mediated effects of quinpirole; and (2) regardless of chow type, food restriction (so that body weight does not increase) increases sensitivity to D2 receptor-mediated effects of quinpirole and, eventually, suppresses quinpirole-induced yawning.
Sensitivity to the behavioral effects of drugs acting on dopamine systems sometimes increases after repeated intermittent drug administration (i.e., sensitization) and feeding conditions can impact those increases in sensitivity. For example, eating high-fat chow accelerates the rate at which sensitivity increases to the locomotor-stimulating effects of the indirect-acting dopamine-receptor agonist methamphetamine in rats (e.g., McGuire et al. 2011) . Although sensitization can also develop to the locomotorstimulating effects of quinpirole (Lomanowska et al. 2004; Szechtman et al. 1994) , there was no evidence in the current study for sensitization to quinpirole-induced yawning. The quinpirole-yawning dose-response curve in rats with free access to standard chow was very consistent across many weeks of once per week quinpirole testing. It also appears unlikely that feeding conditions (e.g., eating high-fat chow) selectively enhance the development of sensitization to quinpirole since rats that eat high-fat chow and are tested just once with quinpirole (Baladi, unpublished data) show the same changes in sensitivity that were observed in the current study in rats that were tested weekly with quinpirole.
Feeding conditions (e.g., food restriction) that significantly altered the descending limb of the quinpirole yawning dose-response curve (mediated by D2 receptors) had no effect on quinpirole-induced hypothermia, which also is thought to be mediated by D2 receptors Chaperon et al. 2003; Nunes et al. 1991) . That quinpirole-induced hypothermia did not vary across feeding conditions suggests that changes in quinpirole-induced yawning were not due to pharmacokinetic factors and, possibly, that the receptors mediating the hypothermic effects of quinpirole are not the same receptors mediating yawning (i.e., D2 and D1, Chaperon et al. 2003) . Both yawning and hypothermia are thought to be centrally mediated (Dourish and Hutson 1985; Nunes et al. 1991) , although different populations of dopamine receptors might mediate these effects (the anterior hypothalamus/preoptic area for quinpirole-induced hypothermia (Lin et al. 1982) and the paraventricular nucleus of the hypothalamus for quinpirole-induced yawning (Argiolas and Melis 1998) ). Moreover, other (non-dopamine) mechanisms might also contribute to the regulation of body temperature in a manner that attenuates nutrition-related changes in dopamine-receptor sensitivity that might otherwise be expected to impact body temperature (Jinka et al. 2010 ). While the current study examined changes in a behavioral effect (i.e., yawning) that is thought to be mediated by dopamine receptors in the paraventricular nucleus of the hypothalamus (Argiolas and Melis 1998) , it is likely that dopamine receptors in some other brain regions are also impacted by feeding conditions. For example, food restriction increases sensitivity to the locomotor-stimulating effects of direct-acting dopamine-receptor agonists, including quinpirole (Carr et al. 2001; Collins et al. 2008) , possibly indicating changes in receptor sensitivity in the mesolimbic dopamine pathway (Ouagazzal and Creese 2000) .
The mechanism(s) mediating changes in the behavioral effects of quinpirole across eating conditions are not known and might include changes in dopamine content or turnover, receptor number, or function. It is well established that different feeding conditions (amount and type of food) can significantly modify circulating concentrations of hormones such as insulin, leptin, and ghrelin that are known to have effects on dopamine systems Palmiter 2007; Patterson et al. 1998) . These hormones can activate specific receptors on dopamine neurons and either inhibit (insulin and leptin) or stimulate (ghrelin) dopamine signaling. Food restriction decreases (Kinzig et al. 2009; Carr 1996) while eating high-fat chow increases (Shiraev et al. 2009 ) circulating insulin. Moreover, plasma concentrations of insulin and leptin are increased similarly in rats with free or restricted (body weight matched to rats with free access to high-fat chow) access to high-fat chow (Shiraev et al. 2009 ), consistent with the similar behavioral effects observed in the current study between rats with free or restricted access to high-fat chow (Experiment 1, Fig. 1 ). Whether hormonal changes contribute to altered behavioral effects of drugs acting on dopamine systems is yet to be determined, although a growing body of literature obtained in diabetic animals and in animals eating different amounts and types of chow strongly implicates insulin and leptin as playing major roles in drug effects that are mediated by dopamine systems (e.g., reinforcing effects; Davis et al. 2010) . For example, in the current study, eating high-fat chow changed the behavioral effects of quinpirole and, in parallel, induced insulin resistance, supporting the view that insulinsignaling pathways play a role in diet-induced changes in drug response.
Finally, these data indicate that response to drugs (therapeutic and recreational) might be profoundly impacted by eating conditions, including body weight and type of food and that changes in drug sensitivity might be long lasting. Thus, modest weight loss or weight gain might contribute to individual differences in response to drugs. Moreover, the type of food eaten might impact brain neurochemistry resulting in an altered response to drugs. While the current obesity epidemic (more than one third of adults in the USA were obese in 2007 Flegal et al. 2010 ) is a pressing public health problem that is relevant to the current study, data in rats indicate that being overweight per se might not be the most important factor affecting response to drugs. Rather, it appears to be the consumption of fat and, perhaps, resulting hormonal changes that markedly alter dopamine systems. Understanding the relationship between feeding conditions and drug response could facilitate our understanding of individual differences in response to therapeutic drugs and in vulnerability to drug abuse.
